Three Portuguese water dog siblings, all females aged 5 to 7 months, were killed following a brief period of neurologic disease. Tissues were processed for light and electron microscopy and for biochemical analyses. All pups had membranous cytoplasmic inclusions in neurons throughout the brain and spinal cord. Cytoplasmic vacuoles were present in cells of many organs outside the nervous system. GM, ganglioside in brain was markedly elevated in all three dogs, and (3-galactosidase activity was less than 10% of control values. These findings are similar to those in GM, gangliosidosis of man and animals although the number of organs and tissues containing vacuolated cells is greater.
The gangliosidoses are inherited defects in the catabolism of gangliosides (and other glycolipids and glycoproteins) which affect the nervous system resulting in progressive neurologic dysfunction. They are classified according to the specific enzyme deficiency into GM, and GM, gangliosidoses. GM, ganghosidosis is a deficiency of 0-galactosidase and has been reported in Friesian cattle, Siamese and Korat cats, English springer spaniels, and mixed breed beagle dogs.," This disease is characterized by low or absent activity of 0-galactosidase in brain and liver. Light and electron microscopy reveal characteristic neuronal inclusions within the nervous system and membrane-bound vacuoles in cells of various organs outside the nervous system. This report describes the pathologic and biochemical findings of GM, gangliosidosis in the Portuguese water dog (PWD) breed with additional features not previously described in GM, gangliosidosis of animals.
Materials and Methods
The principals were three female Portuguese water dog (PWD) siblings, 5 to 6 months old, from a litter of seven. Following clinical diagnostic testing, each dog was killed and a necropsy done immediately. Tissues were fixed in 10% neutral-buffered formalin, processed routinely for light microscopy, and stained with hematoxylin and eosin (HE). Selected tissues were also stained with oil red 0, sudan black, periodic acid-Schiff (PAS), and luxol fast blue. Tissues were also fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, post-fixed in 2% osmium tetroxide, dehydrated, embedded in epoxy resin, sectioned at 1 pm, and stained with toluidine blue. Selected sections from these were cut at 80 nm, stained with uranyl acetate and lead citrate, and examined in a transmission electron microscope.
Biochemical analyses were done on fresh liver and brain taken at necropsy and frozen at -70 C until processed. Gangliosides in brain were separated by thin layer chromatography and quantitated as described previously.* Liver was homogenized and assayed for several lysosomal enzymes ( Table 1) according to standard methods previously described,8 with the addition of a-L-iduronidase.'
Results
Clinical examination of all dogs at 6 months of age demonstrated generalized ataxia. Neurological signs consistent with cerebellar ataxia were present and included hypermetria, intention tremors of the head, and X-100 and centrifuged at 1,000 x g for 15 min. nystagmus. Dogs 1 and 3 also had exaggerated pelvic limb reflexes.
Hemograms, blood chemistry profiles, and urinalyses were normal with the exception of an absolute lymphocytosis in dog 1. Cerebrospinal fluid was normal. Cerebrospinal fluid creatinine kinase was elevated in dog 2 (it was not measured in the other two dogs). Spinal and long bone radiographs of dogs 1 and 3 were normal. Dog 1 was observed for 1 week. Clinical signs became more severe and the dog was killed. Dog 2 was observed for 3 weeks and then killed because of further progression of clinical signs. Dog 3 was killed at 7 months of age, at which time it was so severely dysmetric that it would often fall over while walking. Limb weakness was also present.
No gross lesions were seen at necropsy in any of the three dogs. Light microscopy revealed pale foamy or granular cytoplasm in neurons throughout the brain, spinal cord, peripheral ganglia, and retinal ganglion cells ( Fig. 1 ). There was loss of Nissl substance and margination of nuclei in many neurons but no significant neuronal loss. An occasional pyknotic neuron was seen. Neuronal inclusions appeared as red granules in toluidine blue-stained sections and as blue granules in sections stained with luxol fast blue. Oil red 0, sudan black, and periodic acid-Schiff (PAS) stains were all negative.
Neurons in all areas of the brain were severely affected, except small neurons in the internal granular layer and hippocampus which were only mildly affected. All spinal cord levels were severely affected. Peripheral ganglia in a variety of organs and retinal ganglion cells were moderately affected.
Ultrastructurally, neuronal inclusions were approximately 1 pm in diameter (range 0.1-1.5 pm) and of two morphologic types (Fig. 2) . The first consisted of concentrically wound membranes surrounding or incorporating a granular osmiophilic core. The second consisted of stacks of membranes in parallel array. An outer limiting membrane was often present as well as one or more membrane-bound vacuoles in the core of the inclusion. Both inclusions were present in approximately equal numbers in all three dogs. Inclusions were not seen outside the nervous system except in cells of the sheathed arteries of the spleen.
Additional light microscopic findings in the central nervous system included occasional swollen axons and demyelinated fibers in white matter. These were most numerous in the cerebellum, corpus callosum and internal capsule of the brain, and all white matter tracts of the spinal cord. Lesions were focal and mild in all locations except the spinal cord of dog 2 which was diffusely involved. Ultrastructure of swollen axons showed increased numbers of intact and degenerating mitochondria, membrane-bound dense or vacuolated bodies, and occasional inclusions as seen in neurons. Similar changes were seen in unmyelinated neurites which were especially numerous in the cerebellar cortex. Lesions in other body systems consisted of numerous cytoplasmic vacuoles, 0.1-0.2 pm in diameter, located within selected cells of a variety of organs (Table  2 ). Their morphology was consistent in all locations in hematoxylin-and-eosin (HE) sections and resembled lipid or glycogen (Fig. 3) . However, these failed to stain with oil red 0, sudan black, and PAS. In hepatocytes and renal tubular epithelial cells, vacuoles coalesced to form large clear spaces which filled the cytoplasm. In the kidney this often disrupted the cells, resulting in cell loss. Dog 2 had extensive tubule damage and focal interstitial fibrosis consistent with chronic tubular disease. Vacuoles were often difficult to discern by light microscopy, and in some locations their presence was confirmed only by examination of 1-pm sections or by electron microscopy.
Electron microscopy showed the vacuoles to be membrane-bound structures resembling lysosomes. Some were empty, while others contained varying amounts of amorphous granular material. A few had linear or circular fragments of membrane and/or discrete dense granules (Fig. 4) .
Brains of all three dogs had a marked elevation of GM, ganglioside (Fig. 5) , and total gangliosides were increased five-fold (Table 3) . Subsequently, hepatic lysosomal enzyme analysis confirmed this as GM, gangliosidosis with ,f3-galactosidase activity of the affected Table 3 . Total ganglioside levels in brain (pg NANA*/g).
Fig. 5.
Brain ganglioside pattern from two control dogs (lanes 1 and 2) and two affected dogs (lanes 3 and 4) . Prominent increase in GM, ganglioside in affected dogs as compared to controls. dogs at less than 10% of the control activities. Other lysosomal enzymes were normal or increased in activity (Table 1) .
Discussion
Diagnosis of GM, gangliosidosis in these three Portuguese water dogs (PWD) was confirmed biochemically by demonstration of very low P-galactosidase activity in liver and marked accumulation of GM, ganglioside in brain. Normal or increased levels of other liver lysosomal enzymes is a common finding in GM, gangliosid~sis.~~~.~ Pathologic findings in these PWD are similar to those described for GM, gangliosidosis of man and animals. Neuronal inclusions consisting of concentric lamellae of membranous material and membranebound vacuoles in organs outside the nervous system such as found in these PWD are consistent findings in GM, gangliosidosis of man and animals. Neuronal inclusions contain high levels of GM, ganglioside, while the major storage product within the vacuoles is a glycoprotein that leaches out during tissue pro~essing.~ This difference in storage product probably accounts for the different morphologic appearance of the inclusions in the nervous system and the vacuoles in organs outside the nervous system.
The two morphologic appearances of the neuronal inclusions seen in these dogs may actually be a single pattern viewed in different planes of section. The inclusions failed to react with stains for glycogen and lipid. Frozen sections, which are often positive with periodic acid-Schiff (PAS) staining and of variable reactivity with lipid stains, were not done in these cases.
The numbers of vacuolated cells and organs affected outside the nervous system in these PWD is greater than that previously reported for GM, gangliosidosis in animals. Vacuoles have not been previously re- 
ported in ovarian stromal cells, thyroid epithelium and C cells, visceral pleura, pancreatic duct epithelium, and splenic sheathed arteries. Vacuoles have been seen in myocardial cells,2 chondrocytes,' and circulating lymphocytes,' but were not seen in these cells in the PWD. Because of the difficulty in visualizing the vacuoles by light microscopy, it is likely that some affected cells will be missed unless all organs are examined on 1 -pm sections or with electron microscopy. Previous reports of GM, gangliosidosis in animals may have missed vacuoles in some locations because of failure to examine all tissues by these methods. Membranous inclusions have not been described outside the nervous system in the gangliosidoses but were seen in cells forming the sheath of splenic-sheathed arteries on electron microscopy in all three PWD. Vacuoles were also present in the same cells. GM, gangliosides do accumulate in lesser amounts in organs outside the nervous system which accounts for the presence of membranous inclusions, while the vacuoles represent storage of other glycoproteins. More extensive ultrastructural examination of all organs may reveal membranous inclusions in other cells outside the nervous system.
